We developed a micellar liquid chromatographic (MLC) procedure for the determination of three extensively monitored antiepileptics in serum samples: carbamazepine, phenobarbital, and phenytoin. Methods: We determined the composition of the mobile phase after modeling the elution behavior of the antiepileptics in hybrid micellar mobile phases of sodium dodecyl sulfate (SDS) with different organic modifiers (propanol, butanol, or pentanol) in an experimental design that used five mobile phases, a C 18 column, and ultraviolet detection. In the micellar chromatographic system, the serum samples can be injected directly. Results: The optimum mobile phase was 70 mL/L butanol in 0.05 mol/L SDS, pH 7, in which the three antiepileptics were resolved in <10 min. Intra-and interday precision was evaluated at four different drug concentrations within the therapeutic range (n ‫؍‬ 10); CVs were <2.1%. The method was applied to the analysis of 120 serum samples, and results were similar to those obtained by the TDx ® method. Conclusions: The MLC method allows chromatographic determination of three antiepileptics, using an interpretative strategy of optimization, without pretreatment of the serum samples and with direct injection in a hybrid micellar mobile phase of SDS-butanol. The method provides complete resolution and quantification of mixtures of two and three antiepileptics.
tient compliance. One of the most important groups of drugs for monitoring are antiepileptics. Epilepsy is a common disease, with a current prevalence of ϳ0.7-0.8% and an incidence rate at which new cases occur of ϳ0.5%. Carbamazepine, phenobarbital, and phenytoin are regarded as the drugs of first choice to reduce the number and/or severity of partial and generalized tonic-clonic (grand mal) seizures in patients with epilepsy (1, 2 ) . Recently, carbamazepine has been reported to be effective in the treatment of bipolar disorder (3 ) . Table 1 shows the pK a s and octanol/water partitioning coefficients (log P o/w ) 3 of the three substances. The most widely used methods for monitoring these drugs are chromatography and immunoassay (4 ) . Reversed-phase HPLC (RP-HPLC) has been used to monitor antiepileptics with C 18 or C 8 columns and mobile phases with one or more organic solvents, acetonitrile (5) (6) (7) (8) , methanol (9 ) , dichloromethane-n-hexane-methanol-acetonitrile (10 ), or n-hexane-ethanol-propan-2-ol (11 ) . An important limitation of RP-HPLC methods with respect to immunoassays (12) (13) (14) (15) is the need to treat the biological sample before injection. Thus, RP-HPLC methods include steps such as protein precipitation, liquid-liquid or solidphase extraction on disposable cartridges, reextraction, and evaporation before injection into the chromatographic system. These procedures may be time-consuming and expensive and may introduce additional sources of error.
Micellar liquid chromatography (MLC) is a variant of RP-HPLC in which the mobile phase is composed of a surfactant in a concentration above the critical micellar concentration. In some cases a modifier, such 1-propanol, 1-butanol, or 1-pentanol, is added to decrease the reten-
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tion factors and increase the efficiencies. The true starting point of MLC was the report by Armstrong and Nome (16 ) , in which the authors used a three-phase partitioning model to explain the retention of solutes in a RP column with micellar mobile phases. Much of the work done since then has focused on better understanding of the interactions of the solutes inside the chromatographic column. Several experimental variables (type and concentration of surfactant and organic modifier, pH, ionic strength, and temperatures) can be used to better control the retention of solutes and increase the efficiency of the chromatographic peaks. Recently, the partitioning theory in MLC has been extended to include the effect of organic modifiers and acid-base equilibria (17-21 ) on retention. The stable and reproducible behavior of micellar mobile phases allows accurate prediction of the retention of solutes with a model that can also be used to optimize the separation of mixtures of solutes (22, 23 ) . Over the last few years, MLC has been useful in the analysis of diverse groups of substances in pharmaceutical preparations, such as benzodiazepines, diuretics, steroids, or phenethylamines (24 -27 ) .
One of the main appeals of MLC is the possibility of determining drugs in physiologic fluids without the need for previous separation of the proteins present in the serum samples. The sodium dodecyl sulfate (SDS) micelles tend to bind proteins competitively, thereby releasing protein-bound drugs. Therefore, the drugs are free to partition into the stationary phase, whereas the proteins, rather than precipitating on the column, are solubilized and eluted with or shortly after the solvent front. The use of surfactants in direct injection is also much less complex than column-switching procedures, which require additional instrumentation (precolumns, switching valves, and HPLC pumps), and allows accurate and precise timing of valve switching for a successful separation (28 ) . Compared with other eluents, the micellar mobile phases are less flammable, inexpensive, nontoxic, biodegradable, and can cosolubilize hydrophobic and hydrophilic analytes in complex matrices such as serum.
To our knowledge, there are no other published reports describing the RP-HPLC determination of antiepileptics in serum with direct injection. The aim of this work was to determine the chromatographic behavior of the three antiepileptics in serum samples to propose a quick and simple MLC procedure for the determination of these compounds without deproteinization.
Materials and Methods calibrators and reagents
The drugs used were carbamazepine, phenytoin, and phenobarbital (Sigma). In the chromatographic optimization studies, stock solutions containing each drug at 20 mg/L were prepared by dissolving the substance in methanol and then suitably diluting them for analysis with 0.05 mol/L SDS-70 mL/L butanol, pH 7. In the TDx ® system, we used the commercial reactants, calibrators, and controls from Abbott Laboratories. The reagents used to prepare the micellar mobile phases were SDS (99% purity), 1-propanol, 1-butanol, 1-pentanol, disodium hydrogen phosphate, and HCl (Merck). The drug solutions and the mobile phases were filtered through 0.45 m nylon membranes (12 and 45 mm in diameter, respectively; Micron Separations). Distilled deionized water (Barnstead) was used throughout.
chromatographic system and other apparatus
The chromatograph (Model HP 1100; Agilent) was equipped with a quaternary pump, an autosampler fitted with a Rheodyne valve, and an ultraviolet-visible detector (190 -700 nm range). The flow rate, injection volume, and detection wavelength were 1.0 mL/min, 20 L, and 220 nm, respectively. A conventional analytical column (250 ϫ 4 mm i.d.) was packed with RP silica gel (Kromasil C18; particle size, 5 m; Scharlab). The signal was recorded by a personal computer connected to the chromatograph through a HP Chemstation. The software Michrom (22, 23 ) was used for data handling. For absorbance and pH measurements, we used a Lambda 19 spectrophotometer (Perkin-Elmer) and a GLP 22 potentiometer (Crison) equipped with a combined Ag/AgCl/ glass electrode, respectively. Whole-blood samples, without anticoagulants, were centrifuged in a Sorvall RC-5B centrifuge (DuPont Instruments).
blood sampling and analysis
For the studies on patients, we obtained Review Board approval from the Ethics Committee of the Hospital Verge dels Llíris. Blood samples were collected from epilepsy patients who were treated with carbamazepine, phenobarbital, phenytoin, or mixtures containing two or three of these antiepileptics. The blood for monitoring was obtained at a suitable time and added to tubes containing separator gel (SST ® ; Becton Dickinson) and centrifuged 10 min at 1400 g, quickly separating the serum to avoid phenytoin absorption (29 ) . After separation, serum samples were injected directly in 0.05 mol/L SDS-7 mL/L butanol (pH 7), the optimum mobile phase selected, and chromatographed on the C 18 column at 25°C; samples were processed simultaneously in the TDx automatic system for comparison purposes.
Results and Discussion optimization of mobile phase composition
The three antiepileptics studied have different structures and, thus, different spectra. The maximum wavelengths were 280 nm for carbamazepine and 240 nm for phenobarbital and phenytoin. All optimization studies were performed at these wavelengths, but analysis of the mixtures was carried out at 220 nm to improve the signal, after we checked whether any other compound in the serum interfered at this wavelength. At 220 nm, the relative sensitivity with respect to the main maximum for each substance increased by a factor of 1.5-2.
Clinical Chemistry 48, No. 10, 2002
The dissociation constants (pK a s) were 7.0, 7.4, and 8.3 (Table 1) for carbamazepine, phenobarbital, and phenytoin, respectively (30 ) . Furthermore, in the SDS micellar medium, these values increased by 1 or 2 units; thus, one suspects that at pH 7 or lower, these substances must be positively charged and interacting with the micelles of SDS.
Also shown in Table 1 are the log P o/w values for the antiepileptics: 2.47, 2.45, and 1.47 for phenytoin, carbamazepine and phenobarbital, respectively (30 ) . This means that these antiepileptics are moderately apolar substances and that one can expect an elution order in MLC of phenobarbital followed by carbamazepine or phenytoin.
We studied the possibility of using the same mobile phase to analyze the three antiepileptics in the serum samples. The retention times of the substances in pure micellar mobile phases without alcohol (0.05-0.15 mol/L SDS) was excessive, 72 and 47 min for phenytoin in 0.05 and 0.15 mol/L SDS, respectively, because of the strong association of these compounds with the nonmodified alkyl chains of the stationary phase. Thus, it was necessary to use hybrid micellar mobile phases with an added modifier to reduce the retention time. In 0.05 mol/L SDS plus 25 mL/L 1-propanol, the maximum retention time was 50 min; it was 20 min in 0.15 mol/L SDS plus 125 mL/L 1-propanol. On the other hand, the use of pentanol caused overlapping of the three substances. For these reasons, 1-butanol was selected for optimization studies.
The optimization procedure, which maximized the separation of the mixtures of compounds, was used to select the most suitable mobile phase. The mobile phase that permitted complete separation of the three drugs in an acceptable analysis time would be useful for the analysis of serum samples containing one, two, or all three antiepileptics.
To develop appropriate chromatographic conditions, we considered two different strategies. We first investigated the use of a single mobile phase to analyze mixtures of the three antiepileptics. The use of a set of experimental conditions to determine several drugs can be advantageous because it allows analysis of samples from individuals who have taken more than one drug without the need to change mobile phase composition. The second strategy involved the use of an optimal mobile phase for each combination. This may be necessary in some cases to achieve shorter retention times and accelerate the analyses. The development of both strategies was greatly facilitated by the capability of MLC to predict the retention of compounds by use of simple equations. The model (Eq. 1) used for these predictions was (23 ): Foley and Dorsey (32 ) . Asymmetry factors (B/A), with B defined as the distance between the center and the tailing edge and A the distance between the center and the leading edge of the chromatographic peak, were measured at 10% of peak height. Table 2 shows the coefficients in Eq. 1 for each drug when butanol was used. These allowed the prediction of mobile phase composition containing butanol for any desired retention time and provided a simple way of optimizing the separation of mixtures.
Optimizing the resolution of the mixtures of the three drugs by use of a procedure based on the sequential variation of the composition of the mobile phase was difficult because of the changes in the elution order of the antiepileptics. However, accurate prediction of the retention according to Eq. 1 allowed the application of an interpretive procedure to predict the optimal resolution, 
where X i,i ϩ 1 ϭ 1 Ϫ (h 1 /h 2 ), h 1 is the height of the valley between two adjacent peaks, and h 2 is the interpolated height between the maxima of both peaks measured at the abscissa of the valley. The global function of resolution, r, may vary from 0 to 1, and the proximity to 1 indicates the performance of the separation. The function was maximized to obtain the optimal mobile phase. Incorporation of the shape of the chromatographic peaks in the optimization procedure improved the results. The reliable simulation of peak shape for any mobile phase of the variable space was carried out with an asymmetrical gaussian function where the standard deviation is a first-degree polynomial function (Eq. 3) (32, 33 ) :
where H and t R are the height and time at the peak maximum, respectively, s 0 is the standard deviation of a symmetrical gaussian peak describing the central region of the experimental peak; and s 1 is a coefficient that quantifies its skewness. The coefficients s 0 and s 1 are related to the efficiency and asymmetry factor. These parameters were interpolated from the data obtained in the three experimental mobile phases closest to the simulated mobile phase. When we used Eq. 1 and the mathematical treatment described here, the relative global error in the prediction of capacity factors for the three antiepileptics was 1.9%.
The global resolution diagrams obtained are depicted in Fig. 1 The mobile phase selected as optimum was 0.05 mol/L SDS plus 70 mL/L 1-butanol, which gave excellent resolution (r ϭ 0.997) and allowed the analysis time to be reduced to 10 min. Fig. 2a shows the simulated chromatogram for the mixture of the three drugs in the optimum mobile phase. Panels b-d of Fig. 2 show the experimental chromatograms for serum samples containing the antiepileptics phenobarbital (Fig. 2b) , carbamazepine (Fig. 2c ), or phenytoin (Fig. 2d) . The agreement between the simulated and experimental chromatograms was good. In the optimal mobile phase (0.05 mol/L SDS plus 70 mL/L 1-butanol), the capacity factors were 3.8, 5.7, and 10.8 for phenobarbital, carbamazepine, and phenytoin, respectively.
serum sample background absorbance
When serum is injected directly into the chromatographic system, the wide band at the beginning of the chromatogram and the peaks produced by endogenous compounds at diverse retention times can seriously affect the detection of the least retained drugs. When the concentration is appropriate, dilution of the serum sample before its injection is advisable to reduce the width of the protein band. Furthermore, the injection of a large number of serum samples can shorten the life of the column or may require frequent regeneration of the stationary phase to avoid changes in retention times because of the adsorbed matrix. This also makes the injection of diluted samples advisable. Therefore, it was decided that the analysis should be carried out after dilution of the samples with a solution containing 9 g/L NaCl. For the antiepileptic drugs, the sensitivity achieved after a 1:10 dilution (1 mL of sample ϩ 9 mL of saline) was adequate for their detection in serum. No changes in retention times were observed after at least 250 consecutive injections of serum onto the C 18 column.
figures of merit
Calibration curves were constructed for each antiepileptic drug based on the measured areas of the chromatographic peaks after triplicate injection of six solutions of the drugs at increasing concentrations within the therapeutic ranges: 8 -12, 15-40, and 10 -20 mg/L for carbamazepine, phenobarbital, and phenytoin, respectively. The curves were obtained for aqueous solutions of the analytes and for serum samples that were not diluted and were diluted 1:10. The slopes of the calibration curves in the absence and presence of serum were similar, the intercepts were statistically zero, and the linear regression coefficients for plots of peak areas vs concentration were always Ͼ0.999 (Table 3 ). Table 3 also shows the limits of detection (LOD; in g/L, based on the 3 SD criterion) that were appropriate for monitoring the antiepileptics; these LOD were similar to those obtained with the TDx method. Shown in Table 4 are the intraassay precision (average of 10 determinations covering the specified range for the procedure made the same day) and the interassay precision (average of intraassay values taken over 10 days throughout a 2-month period) at four different drug concentrations within the therapeutic ranges of each drug according to the ICH Harmonised Tripartite Guideline (34 ) . The CVs were always Ͻ2.1%.
analysis of serum samples
To demonstrate the usefulness of this procedure, we added known amounts of the antiepileptics at four different concentrations within the therapeutic range to each drug blank plasma sample, which were provided by the Analytical Service of the Verge dels Llíris Hospital in Alcoi (Alacant, Spain). As shown in Table 5 , recoveries were satisfactory.
method comparison
Results obtained by the MLC method were compared with results obtained with by TDx method. Both methods were applied to the serum samples provided by the Hospital Verge dels Llíris. Shown in Fig. 3 are some of the chromatograms obtained by the MLC method for serum samples containing binary or ternary mixtures of the antiepileptics. As shown in Table 6 , serum concentrations of the three antiepileptics obtained by the two methods (n ϭ 40) showed good correlation. The MLC method gave slightly lower results for the three drugs compared with TDx. However, there was no substantial difference between the two methods in the practical sense of clinical drug monitoring.
In conclusion, our results indicate that the MLC procedure can be used for the analysis of mixtures of the three frequently prescribed antiepileptics in serum samples, with analysis times Ͻ10 min. The method is sensitive enough for routine analysis of the drugs at therapeutic serum concentrations, with LOD similar to those for TDx method and those usually reported in the literature, taking into account that the serum sample was injected without any previous treatment to separate or concentrate the analytes. 
